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nanocrystalline materials have been the subject of widespread research for several decades. In particular, while for grain sizes above 20-40 nm, the yield strength of bulk polycrystalline metals increases with decreasing grain size, 2, 3 for smaller grain sizes alternative deformation mechanisms 1, 4 such as grain-boundary sliding, migration, and grain rotation play an important role. In addition, the presence of free surfaces has recently been shown to significantly modify the deformation mechanisms of nanoscale structures. For example, a transition 5, 6 in the deformation mechanism of polycrystalline nanocolumns under applied stress-from dislocation-driven to grain-boundary-mediated deformation-has recently been demonstrated at a size of approximately 100 nm. However, while in these works the emphasis was on the response to applied stress, the effects of defects and intrinsic stress on thermomechanical properties have not been studied.
Here, we consider the thermomechanical properties of highly defected, tilted copper nanocolumns. One of the motivations for this work is our desire to gain a fundamental understanding of dynamical effects which control the evolution of the thin-film morphology observed during simulations 7 of Cu/Cu(100) growth via glancing angle deposition (GLAD) at room temperature. However, another motivation is the development of a fundamental understanding of the role of defects in controlling mechanical properties on the nanoscale. In addition, we note that arrays of nanocolumns may be useful in a variety of applications including advanced data storage, 8, 9 heat transport, 10 and vibrational energy harvesting. [11] [12] [13] In striking contrast to elastic vibrations, for which the thermal oscillation amplitude increases as the square-root of the temperature, here, we find that both the oscillation amplitude and frequency remain constant over a temperature range of more than two orders of magnitude. As a result, at low temperature, the nanocolumn oscillation amplitude is more than 200 times the prediction of thermal elasticity theory. In addition, we demonstrate that the large defect density and compressive strain, which arise as a result of the nanocolumn formation process, 7 lead to extremely low activation energies for plastic deformation via collective shear motion. As a result, the thermally induced nanocolumn dynamics corresponds to a series of correlated events. However, in contrast to typical systems in which correlated transitions arise as a result of the momenta of individual atoms involved in the transition, here the momentum of the entire nanocolumn plays a crucial role.
Our simulations were carried out using the general purpose molecular dynamics (MD) package LAMMPS, 14 along with a highly optimized embedded-atom-method (EAM) 15 potential for Cu which was recently developed by Sheng et al. 16 Similar behavior has also been obtained using a slightly different EAM potential. 17 In each case, the nanocolumn as well as the five moving substrate layers beneath it were simulated using a constant energy ensemble with a time-step of 1 fs, while a constant temperature T (ranging from 0.5 K to 300 K) was maintained by damping the three substrate layers below using a Langevin thermostat with a damping time of 10 À12 s. Two additional fixed layers were included below the moving layers in order to fix the system. While previously we have studied the dependence of the overall thin-film surface roughness and microstructure on deposition conditions, here our analysis is focused on the dynamical behavior of the "big" and "small" nanocolumns shown in Fig. 1 , which were extracted from our previous GLAD simulations 7 after 15 monolayers (ML) of growth on a Cu(100) substrate with deposition rate 0.3 ML/ns and a deposition angle of 80 at room temperature. In all cases, before collecting the data the extracted system was first minimized, and then equilibrated at the desired temperature for several nanoseconds using Langevin molecular dynamics with damping applied to the middle three substrate layers as described above. To verify that the system was properly equilibrated, we also monitored the temperature of the nonLangevin moving atoms before collecting data.
We note that the somewhat irregular shape of both nanocolumns can be approximately described in terms of three characteristic parameters, the column length L, width w 1 in the tilt plane, and width w 2 in a direction perpendicular to the tilt plane. In particular, for the big (small) column, we have L ¼ 104 Å (88.4 Å ), w 1 ¼ 20.8 Å (26.0 Å ), and w 2 ¼ 41.6 Å (31.2 Å ). As shown in Fig. 1(a) for the big nanocolumn, for both nanocolumns there is a high density of stacking faults of the order of 20%. In addition, both nanocolumns exhibit significant compressive strain which arises as a result of the initial kinetic energy of condensation of depositing atoms near grain boundaries. To determine the thermal oscillation amplitude and frequency, we first identified the average position of the tip of each nanocolumn by averaging over a time-period of several nanoseconds after equilibration. The magnitude jDRðtÞj of the displacement of the tip from its average position was then plotted as a function of time and the oscillation amplitude estimated by calculating the average peak to valley difference. Similarly, the oscillation frequency was determined from the average period, corresponding to the average timeinterval between successive peaks in jDRðtÞj. Fig. 2 shows typical results for both nanocolumns at T ¼ 2 K. As can be seen, the oscillation amplitude for the big nanocolumn (A big ' 1.4 Å ) is significantly larger than that for the small nanocolumn (A small ' 0.29 Å ), while the oscillation frequency is significantly smaller. In addition, as shown in Fig. 3 , examination of the temperature-dependence indicates that for both nanocolumns the oscillation amplitudes are essentially independent of temperature from T ¼ 0.5 K to 300 K. This is in striking contrast to the corresponding elasticity theory prediction
(where E is the Young's modulus) which implies a variation of the oscillation amplitude by a factor of 24.5 over this temperature range. As a result, the ratio of the measured amplitude to the elasticity theory prediction for the big (small) nanocolumn (assuming the bulk value of the Young's modulus for Cu) ranges from 7.6 (1.4) at 300 K to 220 (64) at 0.5 K. While a discrepancy with elasticity theory at a single temperature might be explained by the existence of a reduced Young's modulus which arises as a result of the large defect density, the deviation of the temperature dependence from the elasticity theory prediction strongly suggests that the oscillations are not elastic. This is further confirmed by the fact that, as shown in Fig. 4 for the big nanocolumn at 2 K, the total minimized system energy is not constant, but instead fluctuates with a root-mean-square (r.m. atoms in our system. Similar results have also been obtained for the small nanocolumn.
As also indicated in Fig. 4 , the trajectory of the big nanocolumn corresponds to a sequence of transitions between minimized states whose energy differences are of the order of 10 À3 eV or less. This suggests that the corresponding activation barriers are also of the order of 10 À3 eV or less. We note that these barriers are an order of magnitude smaller than the already very small barriers (of the order of 0.03 eV, see Ref. 21 ) for stacking fault transitions in Cu. However, they are consistent with the very small barriers observed in Cu for the migration of kinks in screw dislocations 28, 29 (30 leV) as well as for the initial motion of jogged edge dislocations (0.004 eV). 28 While these results confirm that defects may lead to transitions with very low barriers, strain may also play a significant role, 23, 24 since the average strain in both nanocolumns is compressive while a significant fraction of the atoms experience compressive strains larger than 2%. This is also shown in Fig. 1 for the big nanocolumn, in which the red atoms correspond to a high concentration of defects with compressive strain greater than 1.5%. Thus, we conclude that the combination of compressive strain and a high defect density leads to extremely low barriers for plastic deformation. In contrast, we note that simulations of a perfect (vertical) nanocolumn lead to very small amplitude oscillations in good agreement with elasticity theory.
The extremely small values of the barriers for plastic deformation are also consistent with the observation that the nanocolumn oscillation frequency f does not depend on temperature even at very low temperature (0.5 K). In particular, for the big (small) nanocolumn, we find f big ¼ 4.5 6 0.1 GHz (f small ¼ 18.4 6 0.3 GHz) over the temperature range T ¼ 0.5-300 K. Thus, while the temperature independence of the oscillation frequency is also qualitatively consistent 22 with elasticity theory, both the variation of the minimized system energy with time as well as the large oscillation amplitude at low temperature clearly indicate the presence of low-barrier activated events which lead to plastic deformation of the nanocolumn.
Due to the extremely low barriers, it was not possible to use the nudged-elastic-band method 25, 26 to directly determine the energy barriers for individual events. However, an analysis of sequences of minimized configurations at 10 ps intervals indicates the existence of transitions corresponding to the shear displacement of small groups of nearestneighbor atoms. In each case, the total relative displacement is typically less than 0.6 a 1 , where a 1 is the nearest-neighbor distance. In particular, as shown in Fig. 1 , the blue atoms in both the big and small nanocolumns correspond to regions in which shear events occur with relative displacements of nearest-neighbor atoms between 0.4 a 1 and 0.6 a 1 . In addition, the highly compressed red atoms at the base of the big nanocolumn in Fig. 1 undergo a series of even smaller-scale rearrangements. A detailed examination also indicates that the red and blue regions at the base of the big and small nanocolumns, respectively, act as "hinges" which drive the oscillation. In addition, the blue region in the middle of the big nanocolumn acts as a secondary hinge which enhances the oscillatory behavior. Fig. 5 shows two typical shear events in the red "hinge" region at the base of the big nanocolumn which correspond to the relative displacement of a cluster of atoms with maximum nearest-neighbor relative displacements of 0.40 Å and 0.42 Å , respectively. We note that these events are somewhat similar to the deformations observed in shear transformation zones [30] [31] [32] [33] [34] [35] [36] [37] of metallic glasses under applied stress. However, the large defect density in this region actually corresponds to a sequence of stacking faults.
While the existence of ultra-low barriers is necessary to explain the large amplitude at low temperature, this alone cannot explain the oscillatory dynamics. For example, a random sequence of low-barrier events would lead to a random walk rather than the observed oscillatory behavior. Accordingly, we expect that correlations play an important role. However, in contrast to typical systems in which correlated transitions arise as a result of the momentum of the atoms involved in the transition, 27 here the momentum of the entire nanocolumn plays a crucial role.
In order to examine the impact of correlations on the thermal motion, we have carried out additional simulations at T ¼ 1 K, in which a Langevin thermostat was applied to FIG. 4 . Evolution of minimized system energy for big nanocolumn over a brief 10 ps interval (data taken every 100 ns). Inset shows corresponding results over a longer 500 ps interval. (Note: zero of energy has been shifted for convenience in both cases.) FIG. 5. Typical shear deformations of minimized configurations in the highly compressed "hinge" region (red atoms in Fig. 1(b) ) of big nanocolumn at 2 K. Time interval between snapshots is 10 ps. In (a), the largest relative displacement is 0.42 Å , while in (b), the largest relative displacement is 0.4 Å . the atoms in the nanocolumn as well as the substrate. For a damping time of 1 ps (comparable to an atomic oscillation period), we find that the nanocolumn oscillation amplitude is decreased by a factor of 70, while the corresponding frequency is increased by a factor of 3. As a result, the oscillation amplitude (0.03 Å ) is much closer to the elasticity theory prediction (0.01 Å ) assuming the bulk modulus of Cu, while the frequency is in good agreement with the corresponding prediction. Interestingly, we find that in this case the fluctuations of the minimized energy are approximately the same as was found in the absence of Langevin damping. Thus, while the Langevin damping does not eliminate the low-barrier shear events, due to the suppression of correlations the oscillation amplitude is significantly reduced. In contrast, for a much longer damping time of 6.9 ns (31 times the undamped oscillation period) the oscillation amplitude is only reduced by a factor of two, while the frequency is unaffected. These results clearly demonstrate the importance of correlations which are suppressed even in the presence of a small random Langevin force.
In conclusion, we have demonstrated the existence of large amplitude temperature-independent oscillations in nanocolumns grown via simulations of glancing angle deposition. In particular, our results indicate that the large defect density and compressive strain lead to ultra-low activation energies for plastic deformation via collective shear motion. This leads to large amplitude temperature-independent oscillations, in which the dynamics consists of a sequence of correlated plastic deformations driven by the motion of the entire nanocolumn. In general, we expect that the existence of significant compressive strain as well as a large defect density may lead to similar behavior in more complex nanostructures.
